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Magnetic field effects on free nucleons are studied in peripheral collisions of 197Au + 197Au
at energies ranging from 600 to 1500 MeV/nucleon by utilizing an isospin-dependent quantum
molecular dynamics (IQMD) model. With the help of angular distributions and two-particle angular
correlators, the magnetic field effect at an impact parameter of 11 fm is found to be more obvious
than at an impact parameter of 8 fm. Moreover, the results suggest that with an increase in the
number of peripheral collisions, protons are more easily condensed with the magnetic field. Magnetic
field effects are further investigated by the ratio of free neutrons to free protons as functions of a two-
particle correlator C2, four-particle correlator C4 and six-particle correlator C6 of angle φ, rapidity
Y and transverse momentum pT . The results show that weak magnetic field effects could be revealed
more clearly by these multiple-particle correlators, with the larger number of particle correlators
demonstrating a clear signal. The results highlight a new method to search for weak signals using
multi-particle correlators.
PACS numbers: 25.70.-z, 24.10.Lx, 21.30.Fe
I. INTRODUCTION
The Stern-Gerlach experiment is an important and
renowned experiment, in which silver atoms are split due
to an interaction between the spin magnetic moment and
the magnetic field [1]. Magnetic field effects are related to
many aspects: the dynamics in nanofluids [2], the proper-
ties of neutron stars [3, 4], as well as pion condensation [5]
etc. Recently, magnetic field and their effects have been
extensively studied by the heavy ion collision community.
At ultra-relativistic energies, an extremely strong mag-
netic field up to ≈1018 G can be created [6–11]. With
such an intense magnetic field, some anomalous trans-
port phenomena could be induced in hot quantum chro-
modynamic (QCD) matter [12–15], including the chiral
magnetic effect (CME) [16–22], chiral separation effect
(CSE) [23], chiral electric separation effect (CESE) [24–
26], chiral magnetic waves (CMW) [27–29], chiral vortical
effect (CVE) and global rotation [30–32]. Conducted at
the relativistic heavy ion collider (RHIC), results from
the solenoidal tracker at RHIC (STAR) experiment show
that Λ particles are polarized in peripheral heavy ion
collisions [33], proposed by the global polarization mech-
anism of quark-gluon plasma (QGP) [34]. Such a global
polarization phenomenon is relevant to vorticity fields
as well as magnetic fields. A difference in polarization
between Λ and Λ¯ was also observed in the STAR ex-
perimental results [33, 35]. However, it remains a chal-
lenge to understand the differences between relativistic
heavy ion collisions. One of the reasons could be due to
extremely strong magnetic field itself; this issue is still
hotly debated [36–40]. On the other hand, through the
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differences between Λ and Λ¯ polarizations, one could de-
rive the magnitude of the magnetic field [37]. However,
reasonable magnetodynamics are not yet established for
describing the evolution of QGP and hadronic matter. In
addition, they are not fully understood for the hadroniza-
tion process, which could affect the magnetic field as well
as the system polarization. Due to intermediate-energy
heavy ion collisions, the strength of the magnetic field is
much less compared to the magnetic field strength in rel-
ativistic collisions [41]. Regardless, some magnetic field
effects could also be investigated at this energy, such as
pion production [41, 42]. Unfortunately, the work on ex-
ploring magnetic field effects in this energy domain is
very limited. More effort should be focused towards this
intermediate energy domain, and new methods or probes
to detect tiny signals would be welcome.
In our previous work [43, 44], we focused on elec-
tromagnetic effects on the nucleon spectrum and pho-
ton production, using a one-body transport theory, the
Boltzmann-Uehling-Uhlenbeck model, as a framework.
Here, we have two purposes in this paper. One is to un-
derstand the nuclear interaction effect on the magnetic
field during the collision process. The other purpose is
to investigate the magnetic field effects on free nucleons
by multiple-particle correlators.
The rest of this paper is organized as follows. In Sec.
II we give a brief introduction of the isospin-dependent
quantum molecular dynamics (IQMD) model. In Sec.
III, the nuclear interaction effect on magnetic field as well
as multiple-particle correlators is investigated via angular
distributions. In our final section, we provide concluding
remarks.
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2II. NUMERICAL SETUP
A. Isospin-Dependent Quantum Molecular
Dynamics model
The quantum molecular dynamics (QMD) model, an
n-body transport theory, has been developed for more
than three decades [48]. It contains information of emit-
ted fragments, succeeding in reproducing various experi-
mental data in nucleus-nucleus collisions [45–47]. Natu-
rally, the model can provide information about free nu-
cleons (i.e. emitted protons and neutrons) during the
evolution of the collisions. At present, the simulations
are performed in the center of mass frame (CMS) within
the IQMD model; an improved version of the QMD
model, incorporating isospin-dependent interactions and
the Pauli exclusion principle. In this model, each nucleon
is treated as a Gaussian wave packet in a coherent state
[48]:
φi(~r, t) =
1
(2piL)3/4
exp
[
− (~r − ~ri(t))
2
4L
+
i~pi(t) · ~r
~
]
, (1)
where L is the square of the Gaussian wave packet widths
and is fixed at 2.18 fm2. Several interaction terms are
included in the IQMD model as follows,
Vtot = Vsky + Vyuk + Vsym + VMDI + VCoul, (2)
where the terms on the right-hand side correspond to
Skyrme, Yukawa, symmetry, momentum-dependent, and
Coulomb interactions, respectively. The detailed forms
of these interaction terms can be seen in Refs. [48, 49].
When considering a moving charged particle, one can
appropriately implement an electromagnetic field into
a transport model by adding Lie´nard-Wiechert poten-
tials [41, 44]. At position ~r and time t,
e ~B(~r, t) =
e2
4pi0c
∑
n
Zn
c2 − υ2n
(cRn − ~Rn · ~υn)3
~υn × ~Rn, (3)
where the left-hand side is multiplied by a charge, e, in
order to see the electromagnetic fine structure constant
α = e2/4pi = 1/137 (here 0 = ~ = c = 1 ) appear on the
right-hand side. Here, Zn is the charge number of the
n-th particle, and ~Rn = ~r − ~r′n, where ~r′n is the position
of a charged particle moving with velocity ~υn at retarded
time trn = t − |~r − ~r′n(trn)|/c. To simplify, only the
magnetic field part is considered in our simulations, while
the electric field contribution is replaced by a Coulomb
interaction term. Considering this magnetic field, the
Boltzmann equation reads as,
∂
∂t
f +
~p
m
· ∇~rf + (−∇~rU + FLorentz) · ∇~pf
=
(∂f
∂t
)
coll.
, (4)
where the right-hand side is a collision term. The third
term of Eq. (4) implies that the magnetic field will affect
the distribution function, f .
In this work, one of our motivations is to investigate
the effects of nuclear interaction on the magnetic field
during the collision process; therefore, appropriate im-
pact parameters must be considered. We choose two
impact parameters. One is chosen large enough (b =
11 fm) to reduce the projectile-target overlapping region
and hence nuclear interaction, while the other has a mod-
erate value (b = 8 fm) so that suitable overlapping and
nuclear interaction occurs. Furthermore, we define a φ
angle by atan2(px, pz) in the x− z reaction plane, since
the Lorentz force of charged particles moving parallel to
the z-axis is in the x-direction.
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FIG. 1: Time evolution of magnetic field along y-axis at cen-
tral point R(0, 0, 0), with impact parameters of (a1) b = 11
fm and (a2) b = 8 fm, at different beam energies for 197Au +
197Au collisions. Note that for (a2), magnetic field is artifi-
cially multiplied by a factor of 1.5.
As mentioned previously, the two impact parameters
of b = 11 fm and b = 8 fm were selected for comparison.
These values were chosen to reduce the nuclear interac-
tion effect as much as possible, while keeping some partic-
ipant nucleons. Another reason for these specific values
was to keep a similar strength of magnetic field for both
impact parameters. However, as previous results [41, 43]
have demonstrated, the strength of magnetic field (B) es-
sentially increases with an increase in impact parameter.
So, magnetic field at b = 11 fm is higher than the mag-
netic field at b = 8 fm. Therefore, to reduce the difference
in magnetic field value, we artificially multiply a factor
of 1.5 to amplify the original magnetic field for collisions
at b = 8 fm during simulations. After this procedure, we
can see that the magnetic field given to collisions at b =
8 fm is a little stronger than for b = 11 fm. One can see
the time evolution of the magnetic fields along the y-axis
at central point R(0, 0, 0) in Fig. 1. Comparing Fig. 1
(a1) and (a2), the magnetic field at b = 8 fm is stronger
than the magnetic field at b = 11 fm, due to the factor
of 1.5 at the same beam energy.
In this work, the ratios of free neutrons to free protons
[50–53] as functions of angle φ, rapidity Y = 12
E+pz
E−pz ,
and transverse momentum pT =
√
p2x + p
2
y are calcu-
lated. Here, we explain how to extract the n/p ratio
in more detail. One can get spectra of φ, Y and pT for
free protons and free neutrons in the same event. When
extracting the values in each bin of spectra of free protons
and free neutrons and dividing correspondingly, we get
the n/p ratio in the same event. Through event-by-event
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FIG. 2: Distributions of proton angles, φ, for 197Au + 197Au collisions at different incident energies and at impact parameters
of b = 11 fm (top panel) and b = 8 fm (bottom panel), respectively. Red dots are results without B and blue dots are results
with B.
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FIG. 3: Distributions of two-particle correlators of proton angles for 197Au + 197Au collisions at different incident energies
and at impact parameters of b = 11 fm (top panel) and b = 8 fm (bottom panel), respectively. Red dots are results without B
and blue dots are results with B.
accumulation, the average is calculated. In addition, we
introduce multi-particle correlators Cn between free nu-
cleons, event by event, which are defined as:
C2 ≈ Q1 −Q2, (5)
C4 ≈ Q1 +Q2 −Q3 −Q4, (6)
C6 ≈ Q1 +Q2 +Q3 −Q4 −Q5 −Q6, (7)
where Q represents either an angle φ, rapidity Y , or
transverse momentum pT . The subscripts of Q are par-
ticle indices (free protons or free neutrons) in the same
event. For a two-particle correlator C2, one can get C2
distribution spectra of free protons with two loops of free
protons in one event. In the same event and by the same
approach, one can get C2 distribution spectra of free neu-
trons. The n/p ratio as a function of a two-particle cor-
relator C2 can subsequently be obtained. Furthermore,
four-particle (C4) and six-particle (C6) correlators can
get distribution spectra by the same method, but with
four-particle loops and six-particle loops, respectively.
Considering the symmetry, only even multi-particle cor-
relators are adopted in this work.
4III. RESULTS AND DISCUSSION
A. Angular distributions
First, distributions of proton angle φ are extracted at
different beam energies and impact parameters, as dis-
played in Fig. 2. It should be noted that the magnetic
field effect is considered within the mid-rapidity region
|Y/Y0| < 0.5, which is dominant interaction zone. Y0
is the initial rapidity of the projectile and is equal to
1
2
Eproj+pproj,z
Eproj−pproj,z . All of the distributions have four peaks,
with each peak corresponding to the emission direction
of a particle. The first and third peaks in Fig. 2 stem from
a projectile and target passing through the third and first
quadrants in the x − z plane, respectively. The second
and fourth peaks are formed around the angles −pi/4
and 3pi/4, since particles squeeze-out by two nuclei in
the fourth and second quadrants, respectively. It should
be noticed that the values of the first and third peaks are
higher than those of the second and fourth peaks, which
indicates that these free protons mainly originate from
spectators.
One more interesting observed result is that the first
and third peaks become smaller as the beam energy in-
creases, in Fig. 2 (a1)(a5). This means that spectators
pass through more quickly and the duration time be-
comes shorter as beam energy increases. Thus, a few
free protons would be emitted. However, it is the oppo-
site for the smaller impact parameter in Fig. 2 (b1)-(b5).
As incident energy increases, the structure of φ distribu-
tions do not drastically change, except for the quantities.
What we are mostly concerned about here is the mag-
netic field effects. By comparing blue dots (no magnetic
field present) and red dots (magnetic field present) in
each panel of Fig. 2, the magnetic field effects could be
found, with fewer protons emitted presenting for b = 11
fm. This implies that protons could be condensed in the
reaction region by the magnetic field [54], similar to pion
condensation in a magnetic field [5]. However, for the
case of b = 8 fm, magnetic field effects are not so signifi-
cant. This suggests that more peripheral collisions could
generate the more obvious magnetic field effects, while
protons would be easily condensed by the magnetic field.
Furthermore, angle differences between two protons at
different beam energies and impact parameters are dis-
played in Fig. 3. A difference between two cases with and
without a magnetic field clearly manifests. The magnetic
field effect can be seen more clearly by an angle corre-
lator. This indicates that a tiny signal, originating from
intermediate-energy heavy ion collisions, might be ob-
served by using angle correlators. The magnetic field
effect on free protons with an impact parameter of b =
11 fm is more observable than with an impact parameter
of b = 8 fm. From previous results, one would have ex-
pected that for b = 8 fm, with a stronger magnetic field
as illustrated in Fig. 1, we would see a stronger magnetic
field effect on observables. However, this is not the case.
Thus through the adapted Boltzmann equation (4), we
believe that the main effect of the magnetic field could be
washed-out by the nuclear interactions in the participant
zone, including nucleon-nucleon collisions and the mean
field term.
To discuss the incident energy dependence of this mag-
netic field effect, we consider a relative ratio P , which is
defined by
P = 〈Aw/o −Awith
Aw/o
〉, (8)
where “A” is an index of value of an observable, eg.
dN/d(∆φ), and 〈· · · 〉 denotes the average through each
bin. We extract P values by averaging over all points
within the range of (-pi, pi) for φ, or within (-1,1) for Y .
Fig. 4 shows the P values of dN/d(∆φ) a function of
beam energy. Here, free neutrons are taken into account.
Fig. 4 shows us that the ratio for free protons at b = 11
fm reaches 20-percent, considerably larger than P at b =
8 fm. This indicates for the case of b = 8 fm, that with
a stronger magnetic field B combined with stronger in-
teractions from nucleon-nucleon collisions and the mean
field interaction, it finally leads to smaller B effect than
for the case of b = 11 fm. Thus, magnetic field effects
are dampened by nuclear interaction. This suggests that
a stronger magnetic field effect would be manifested in
more peripheral collisions. Of course, the magnetic field
not only affects protons, it also influences neutrons a lit-
tle, which can be seen in Fig. 4. Nucleon-nucleon col-
lisions and the mean field interaction can pass through
interacting nucleons, thus affecting neutrons during the
reaction process. However, these magnetic field effects on
free neutrons are small compared to the effects on pro-
tons (Fig. 4), due to the direct Lorentz force on protons.
As shown in Fig. 4, all values are positive; this means
that both protons and neutrons could be trapped by the
magnetic field.
In addition to the angular distribution of correlators
above, n/p ratios as functions of angle correlator, rapid-
ity correlator, and transverse momentum correlator are
analyzed. As a comparison, the cases without correla-
tors are shown in the top panels of Fig. 5. As displayed
in Fig. 5 (a1), at b = 11 fm and 1000 MeV/nucleon, the
n/p ratio displays a four-peak structure as a function
of φ. However, the magnetic field effect is not visible.
A similar situation is seen for the n/p ratio as a func-
tion of pT in Fig. 5 (a3), except a one-peak structure is
displayed. For the n/p ratio as a function of rapidity
in Fig. 5 (a2), the presence of a magnetic field results
in a higher n/p ratio value, since less free protons are
produced when B is non-zero, as shown in Fig. 2. There-
fore, the rapidity-dependent n/p ratio appears more sen-
sitive to magnetic field than the angle and transverse
momentum-dependent n/p ratios. In the bottom panels
of Fig. 5 in which particle correlations are considered, we
found that magnetic field effects become much more ob-
vious; there is even a distinguishable magnetic field effect
on the pT correlator. The |φ1−φ2| and (Y1−Y2)/Y0 cor-
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FIG. 4: Ratio P (%) of average two-particle angle between
the difference in cases with and without a magnetic field to
the case without a magnetic field, for free protons and free
neutrons at impact parameters b = 11 fm and b = 8 fm.
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FIG. 5: Top panels: n/p ratios as functions of angle φ, rapid-
ity Y/Y0, and transverse momentum pT without a magnetic
field B (blue circles), and with B (red circle) for impact pa-
rameter b = 11 fm and Ebeam/A = 1000 MeV. Bottom panels:
n/p ratio as functions of angle correlator |φ1 − φ2|, rapidity
correlator (Y1−Y2)/Y0, and transverse momentum correlator
|pT1 − pT2| without B (blue circles) and with B (red circles)
for impact parameter b = 11 fm and Ebeam/A = 1000 MeV.
relators both exhibit clearer magnetic field effects. For
the collisions at b = 8 fm plotted in Fig. 6, however, a sig-
nificantly less visible magnetic field effect was discovered
due to nuclear interactions (as discussed previously).
As discussed previously, the magnetic field effect can
be observed by a two-particle correlator. In general, can
the same be said for multi-particle correlators? To an-
swer this question, a four-particle correlator C4 is ana-
lyzed. As seen from Fig. 7, the multi-particle correlator
demonstrates a larger magnetic field effect, even for the
transverse momentum. With a change to a smaller im-
pact parameter at b = 8 fm, the values are still lower in
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FIG. 6: Top panels: n/p ratios as functions of angle φ, rapid-
ity Y/Y0, and transverse momentum pT without a magnetic
field B (blue circles), and with B (red circle) for impact pa-
rameter b = 8 fm and Ebeam/A = 1000 MeV. Bottom panels:
n/p ratio as functions of angle correlator |φ1 − φ2|, rapidity
correlator (Y1−Y2)/Y0, and transverse momentum correlator
|pT1 − pT2| without B (blue circles) and with B (red circles)
for impact parameter b = 8 fm and Ebeam/A = 1000 MeV.
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FIG. 7: n/p ratios as functions of a four-particle angle correla-
tor φ1+φ2−φ3−φ4, rapidity correlator (Y1+Y2−Y3−Y4)/Y0
and transverse momentum correlator |pT1 + pT2 − pT3 − pT4|
without B (blue circles) and with B (red circles) at b = 11 fm
(top panels) and b = 8 fm (bottom panels), at beam energy
of 1000 MeV/nucleon.
comparison with the higher impact parameter values in
the top panel, but the magnetic field effects are now vis-
ible. One might want to calculate the effects on a larger
multi-particle correlator, such as a six-particle correlator
C6. However, calculations for a larger particle correlator
would take up much CPU time, beyond our computa-
tional limit when calculating C6 at b = 8 fm. We still
perform computations for the case at b = 11 fm. Similar
to Fig. 4, using the definition of P in Eq. (8) for n/p
ratios, we extract the ratio P (%) of differences from n/p
ratios between the cases without and with a magnetic
field to the case without a magnetic field as a function
of the correlator Cn. The results for C6 are only for
the angle correlator and rapidity correlator, as shown in
6nC
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FIG. 8: Ratio P (%) of differences from n/p ratios between
the cases without and with B to the case without B as a
function of the n-particle correlator Cn at b = 11 fm. The
blue-solid circles represent data from angle φ and the black-
empty triangles represent data from rapidity Y .
Fig. 8. It is clear that for both angle and rapidity cor-
relators, magnetic field effects are more obvious with an
increase in Cn, and a relation of PC2<PC4<PC6 is dis-
covered. The latter relationship illustrates that a larger
multi-particle correlator is a more sensitive probe. Dif-
ferent from the behavior manifested in the top panels
of Fig. 5, i.e. the angle-dependent n/p ratios are less
sensitive than rapidity-dependent n/p ratios, here they
demonstrate similar sensitivity if using the correlators.
This indicates that multi-particle correlators are a use-
ful tool for revealing tiny signals, because information is
superimposed when using multi-particle correlators.
IV. CONCLUSION
Magnetic field effects for 197Au + 197Au collisions, at
beam energies ranging from 600 MeV/nucleon to 1500
MeV/nucleon, are investigated in the framework of the
IQMD model. Initially, we investigated the magnetic
field effect with distributions of proton angle φ and the
two-particle correlator of angle φ. To achieve this, a
stronger magnetic field strength is artificially given to
the 197Au + 197Au collisions with an impact parameter
of b = 8 fm. However, it is found that the collisions with
more participants and a stronger nuclear interaction at
an impact parameter of b = 8 fm display a weaker mag-
netic field effect than collisions with fewer participants
and a weaker nuclear interaction at b = 11 fm. This
result indicates that the nuclear interaction causes mag-
netic field effects to reduce. By observing the produc-
tion of free protons and neutrons, this result indicates
that both nucleons could be condensed by the magnetic
field, with more peripheral collisions, resulting in easier
nucleon condensation. Moreover, we defined multiple-
particle correlators C(n) for angle, rapidity, and trans-
verse momentum as new sensitive probes to reveal small
magnetic field effects. By investigating the ratios of free
neutrons to free protons as functions of the angle, ra-
pidity, and transverse momentum correlators, magnetic
field effects are displayed. Furthermore, it was found that
magnetic field effects can be clearly seen by multi-particle
correlators, with the larger the number of particle corre-
lators, the more visible the magnetic field effects. Hence,
this work highlights a new method to investigate small
signals by multi-particle correlators. It is expected that
this multi-particle correlator method can be used to ex-
plore other tiny effects, such as the chiral magnetic effect,
equation of state, and nuclear α-clustering etc.
Acknowledgments— This work was partially sup-
ported by the National Natural Science Foundation
of China under Contract Nos. 11890714, 11421505,
11947217 and 2018YFA0404404, China Postdoctoral Sci-
ence Foundation Grant No. 2019M661332, the Strate-
gic Priority Research Program of the CAS under Grant
No. XDB34030200 and XDB16, and the Key Research
Program of Frontier Science of CAS under Grant NO.
QYZDJ-SSW-SLH002.
[1] W. Gerlach and O. Stern, O. Z. Physik 9, 349 (1922).
[2] M. Sheikholeslamia and H. B. Roknib, Int. J. Heat Mass
Transf. 115, 1203 (2017).
[3] M. Dvornikov and V. B. Semikoz, Phys. Rev. D 91,
061301(R) (2015).
[4] M. Bigdeli, Phys. Rev. C 95, 024309 (2017).
[5] Yizhuang Liu and Ismail Zahed, Phys. Rev. Lett. 120,
032001 (2018).
[6] V. Skokov, A. Y. Illarionov and V. Toneev, Int. J. Mod.
Phys. A 24, 5925 (2009).
[7] M. Asakawa, A. Majumder, B. Mu¨ller , Phys. Rev. C 81,
064912 (2010).
[8] A. Bzdak, V. Skokov, Phys. Lett. B 710, 171 (2012).
[9] W. T. Deng, X. G. Huang, Phys. Rev. C 85, 044907
(2012).
[10] Xin-Li Zhao, Yu-Gang Ma, and Guo-Liang Ma, Phys.
Rev. C 97, 024910 (2018).
[11] Yi-Lin Cheng, Song Zhang, Yu-Gang Ma, Jinhui Chen,
Chen Zhong, Phys. Rev. C 99, 054906 (2019).
[12] D. Kharzeev, K. Landsteiner, A, Schmitt and Ho-Ung
Yee, Physics, Vol. 871. Springer, Berlin, Heidelberg
(2013).
[13] Xu-Guang Huang, Rep. Prog. Phys. 79, 076302 (2016).
[14] Koichi Hattori, Xu-Guang Huang, Nucl. Sci. Tech. 28,
26 (2017).
[15] Yu-Chen Liu and Xu-Guang Huang, Nucl. Sci. Tech. 31,
56 (2020).
[16] K. Fukushima, D. E. Kharzeev, and H. J. Warringa,
7Phys. Rev. D 78, 074033 (2008).
[17] B. Abelev et al. (ALICE Collaboration), Phys. Rev. Lett.
110, 012301 (2013).
[18] L. Adamczyk et al. (STAR Collaboration), Phys. Rev.
Lett. 113, 052302 (2014).
[19] V. Khachatryan et al. (CMS Collaboration), Phys. Rev.
Lett. 118, 122301 (2017).
[20] Hao-Jie Xu, Xiaobao Wang, Hanlin Li, Jie Zhao, Zi-Wei
Lin, Caiwan Shen, and Fuqiang Wang, Phys. Rev. Lett.
121, 022301 (2018).
[21] Xin-Li Zhao, Guo-Liang Ma, Yu-Gang Ma, Phys. Rev. C
99, 034903 (2019) (Editors’ Suggestion) .
[22] Fu-Qiang Wang, Jie Zhao, Nucl. Sci. Tech. 29, 179
(2018).
[23] D. T. Son and Ariel R. Zhitnitsky, Phys. Rev. D 70,
074018 (2004).
[24] Xu-Guang Huang and Jinfeng Liao, Phys. Rev. Lett.
110, 232302 (2013).
[25] Yin Jiang, Xu-Guang Huang, and Jinfeng Liao, Phys.
Rev. D 91, 045001 (2015).
[26] Y. J. Ye, Y. G. Ma, A. H. Tang, G. Wang, Phys. Rev. C
99, 044901 (2019).
[27] Dmitri E. Kharzeev and Ho-Ung Yee, Phys. Rev. D 83,
085007 (2011).
[28] Xin-Li Zhao, Guo-Liang Ma, Yu-Gang Ma, Phys. Lett.
B 792, 413 (2019).
[29] Diyu Shen, Jinhui Chen, Guoliang Ma, Yu-Gang Ma,
Qiye Shou, Song Zhang, and Chen Zhong, Phys. Rev. C
100, 064907 (2019).
[30] Dmitri E. Kharzeev and Dam T. Son, Phys. Rev. Lett.
106, 062301 (2011).
[31] Xian-Gai Deng, Xu-Guang Huang, Yu-Gang Ma, Song
Zhang, arXiv: 2001.01371.
[32] Zhi-Wan Xu, Song Zhang, Yu-Gang Ma, Jin-Hui Chen,
Chen Zhong, Nucl. Sci. Tech. 29, 186 (2018).
[33] L. Adamczyk et al. (STAR Collaboration), Nature 548,
62 (2017).
[34] Zuo-Tang Liang and Xin-Nian Wang, Phys. Rev. Lett.
94, 102301 (2005).
[35] J. Adam et al. (STAR Collaboration), Phys. Rev. C98,
014910 (2018).
[36] F. Becattini et al., Phys. Rev. C 95, 054902 (2017).
[37] Long-Gang Pang et al., J. Phys.: Conf. Ser. 779, 012069
(2017).
[38] Jie Zhao, Fuqiang Wang, Prog. Part. Nucl. Phys. 107,
200 (2019).
[39] Zhang-Zhu Han and Jun Xu, Phys. Lett. B 786, 255
(2018).
[40] Y. Guo et al., Phys. Lett. B 798, 134929 (2019).
[41] L. Ou and B. A. Li, Phys. Rev. C 84, 064605 (2011).
[42] G. F. Wei et al., Phys. Rev. C 94, 014605 (2016).
[43] Xian-Gai Deng and Yu-Gang Ma, Nucl. Sci. Tech. 28,182
(2017).
[44] X. G. Deng and Y. G. Ma, Eur. Phys. J. A 54, 204 (2018).
[45] Jun Xu et al., Phys. Rev. C 93, 044609 (2016).
[46] Ying-Xun Zhang et al., Phys. Rev. C 97, 034625 (2018).
[47] Zhao-Qing Feng, Nucl. Sci. Tech. 29, 40 (2018).
[48] J. Aichelin, Phys. Rep. 202, 233 (1991).
[49] Ch. Hartnack et al., Eur. Phys. J. A 1, 151 (1998).
[50] B. A. Li, Phys. Rev. Lett. 88, 192701 (2002).
[51] Ting-Zhi Yan, Shan Li, Yan-Nan Wang, Fei Xie, Ting-
Feng Yan, Nucl. Sci. Tech. 30, 15 (2019).
[52] Ting-Zhi Yan, Shan Li, Nucl. Sci. Tech. 30, 43 (2019).
[53] Wu-Jie Li, Yu-Gang Ma, Guo-Qiang Zhang, Xian-Gai
Deng et al., Nucl. Sci. Tech. 30, 180 (2019).
[54] Gao-Chan Yong, Phys. Lett. B 700, 249 (2011).
